Abstract-We present the first results of a high-speed bulkmicromachined tunable vertical-cavity surface-emitting laser (VCSEL) operating near 850nm using a half-symmetric resonator with a movable curved microelectromechanical system (MEMS) membrane.
I. INTRODUCTION
The presented device consists of a half-VCSEL and a top distributed Bragg reflector (DBR). The half-VCSEL is basically a VCSEL without the top DBR. The top DBR is grown and processed separately and then adjusted and glued on the top of the half-VCSEL. This two chip concept makes it possible to improve both parts independent from each other [1] . Using a half-symmetric resonator, achieved by a curved membrane (Fig. 1a) , supports the fundamental mode (Gaussian beam) of the VCSEL and also shows a high tolerance to membrane tilt and misalignment in respect to the half-VCSEL. Essential for this approach is the setting of the beam-waist of the fundamental mode with the air-gap and radius of curvature (RoC) of the membrane [2] given by:
with:
ω 0 is the beam-waist of the fundamental mode of the Gaussian beam placed on the flat bottom DBR. L considers the cavity length in the half-VCSEL L sem , the refractive index of the half-VCSEL n sem , the air-gap L air and the refractive index of the air n air . Eq. (1) can be derived from the ABCD law for Gaussian beams given in [3] . For λ = 850 nm, RoC = 6mm, L sem = 0.8 μm, n sem = 3.25 and L air = 2.8 μm the calculated beam-waist is around 6μm which results in a spot size 2ω 0 of around 12μm. To have a high sidemode suppression ratio (SMSR), the spot size should be in the range of the oxide-aperture of the half-VCSEL described in the next section. The included air-gap can be expanded by an electrothermal actuation of the top DBR [1] . Increasing the air-gap leads to a larger cavity length and thus higher wavelength. 
II. HALF-VCSEL
The half-VCSEL consists of an undoped GaAs substrate, a n-type GaAs contact layer above the n-contact (Ni/Ge/Au), an n-doped DBR with alternating pairs of AlGaAs (with a total reflectivity of > 99.9%), a gain region with 3 GaAs quantum wells (QWs) and a top p-region as can be seen in the Fig.  1a . The p-doped region contains three 50nm thick p + -doped layers for current spreading below the top p-contact and an oxide aperture for lateral current confinement just above the gain region. The current aperture also defines simultaneously the gain area and acts for the optical confinement. To avoid index guiding, the oxide aperture is positioned at a node of the longitudinal optical field. The oxide aperture layer is an aluminum rich AlGaAs layer which is selectively oxidized [4] . Additionally the semiconductor-air interface is covered with a λ/4 anti-reflection coating to reduce the nominal reflectivity from the interface. This enhances the intensity in the half- The half-VCSEL has a mesa diameter of about 40 μm and an oxide aperture of about 13 μm. To be able to connect the VC-SEL to high frequency probes outside the support frame of the micromachined movable mirror, a 1.3mm long microstrip line connects the VCSEL to ground-signal-ground (G-S-G) pads (Fig. 1b) . The n-contact layer acts as a ground plane for the transmission line. A 6 μm thick layer of the dielectric material benzocyclobutene (BCB) with a low dielectric constant of 2.6, separates the transmission line from the ground plane.
III. MEMBRANE
The membrane, which serves as the tunable top mirror, consists of AlGa(In)As layers grown by molecular beam epitaxy (MBE) on undoped GaAs substrates. The high-index layers have an aluminum-content of 14% percent and the low-index layers, on the other hand, are composed of Al 0.85 GaAs. This results in a refraction index difference of about 0.4. Thus for 99.8% reflection 22.5 pairs are needed. To realize a well-defined curvature of this DBR structure, after removing the substrate, a compressive stress gradient is embedded by adding indium to the first nine high index layers. The band-gap is kept constant by exchanging gallium with aluminum in these layers. Finally, to define an ohmic heat generation in the mirror, the first 17 grown mirror pairs are doped with silicon to achieve a n-doping in the range from 1x10 18 cm −3 to 5x10 17 cm −3 . The reflection measurements show that the grown DBR has a center wavelength of 851nm and the bandwidth of the mirror by 99.7% reflectivity is around 23nm from 840nm to 863nm. The fabrication process of the membrane is mainly based on the contact lithography, wet etching of the front and back side and metallization [1] . The resulting membrane after the process got an air-gap around 2.8 μm and a RoC of about 6 mm. As has been calculated in introduction these parameters yield a spot size of 12 μm which is in the same range as the half-VCSEL aperture of around 13μm. Fig. 2 shows the spectrum of the VCSEL during the actuation of the membrane for a constant current of 8mA through the VCSEL and a tuning current of maximum 12mA. A modehop-free continuous single mode tuning of about 19nm (from 840nm to 859nm) with a SMSR of about 40dB throughout the tuning range was achieved. At the center wavelength of 850nm, the VCSEL has a threshold of 2.3mA (2.8 Volt) and a rollover of about 8.3mA (4.4 Volt) with a maximum power of 0.17mW (-7.5dBm). Fig. 3 shows the amplitude modulation (AM) response of the VCSEL at wavelength of 850nm for different laser bias currents. From the figure can be seen that a maximum modulation bandwidth of 5.5GHz has been achieved with a laser current of 8mA. can be tuned continuously mode-hop-free from 840nm to 859nm (19nm tuning range) and can be modulated up to 5.5GHz at room temperature. The device has a maximum output power of about -7.5dBm. The next steps to improve the performance are to increase the tuning range via applying a hybrid (dielectric and semiconductor) top DBR and to increase the AM-response via decreasing the device serial resistance.
IV. MEASUREMENT RESULTS

